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Abstract
Elphidium macellum is a benthic foraminifer commonly found in the Patagonian fjords. To test whether its highly variable
morphotypes are ecophenotypes or different genotypes, we analysed 70 sequences of the SSU rRNA gene from 25
specimens. Unexpectedly, we identified 11 distinct ribotypes, with up to 5 ribotypes co-occurring within the same
specimen. The ribotypes differ by varying blocks of sequence located at the end of stem-loop motifs in the three expansion
segments specific to foraminifera. These changes, distinct from typical SNPs and indels, directly affect the structure of the
expansion segments. Their mosaic distribution suggests that ribotypes originated by recombination of two or more clusters
of ribosomal genes. We propose that this expansion segment polymorphism (ESP) could originate from hybridization of
morphologically different populations of Patagonian Elphidium. We speculate that the complex geological history of
Patagonia enhanced divergence of coastal foraminiferal species and contributed to increasing genetic and morphological
variation.
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Introduction
Member of the family Elphidiidae [1], Elphidium macellum is a
common species of benthic foraminifera that occurs in coastal
marine environment. It is frequent in temperate and sub-tropical
low tidal and shallow subtidal ecosystems [2], especially in the
Southern hemisphere where it sometimes represents a major
component of the assemblage of foraminifera [2–4].
An interesting feature of Elphidiidae, is the high morphological
variability observed between individuals of the same species and
often within the same population [5–7]. These morphological
variations are especially well documented in the case of E. macellum
from Patagonia [8,9]. In most of the previous studies dealing with
this high level of morphological variability, the authors considered
those changes as induced by environmental factors and they
suggested that several described species could in fact be the
ecophenotypes of the same species. Different authors tried to
quantify the impact of environment on the morphology of the
foraminiferan test [6,10] and in parallel many studies focused on
clarifying the taxonomic confusion introduced by different
interpretations of morphological variants [10,11]. Today, the
taxonomic classification of elphidiids remains unclear and
furthermore nothing is known about the molecular aspect of this
intra-specific variability.
The initial aim of the present study was to establish the phylo-
genetic position of E. macellum among elphidiids and to test whe-
ther its high morphological variations were indicative of cryptic
speciation or whether they were induced by environmental factors.
To achieve this goal we sequenced a fragment of the SSU rRNA
gene that is commonly used in molecular systematics of forami-
nifera [12]. Surprisingly, the results of the preliminary analyses not
only confirmed a high level of variability at the intra-specific level,
but also revealed the occurrence of a strong polymorphism within
single individuals of E. macellum. Furthermore, this ribosomal
polymorphism shows a very peculiar patterns consisting of
nucleotides blocks that seems to be interchangeable between them
and located in homogenous loci along the SSU rDNA sequence.
To further elucidate the origin of this polymorphism, 70
sequences of the partial SSU rRNA gene were obtained from 25
specimens of E. macellum collected in seven different localities in the
Patagonian fjords. They were analysed to characterize the intra-
specific and intra-genomic variability observed in this species. The
predicted secondary structure of these partial SSU rRNA
sequences was then modelled to localize the position of these
variations and in order to understand the mechanism leading to
such high ribosomal haplotypical diversity. To examine the
position of E. macellum among its relative species, we established
an updated phylogeny of the genus Elphidium. Considering the
exceptional intra-genomic variability and the extraordinary
‘fragmented’ design of the SSU rDNA described above, the
present study strongly suggests the occurrence of recombination
within different sets of the SSU rRNA gene of E. macellum. Among
various explanations proposed for the presence of different
ribosomal genes within the same genome, the most parsimonious
in our case seems the one involving inter-specific hybridization
events between closely related species.
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Morphological variability in E. macellum
Many morphological characters were variable in different
specimens of Patagonian E. macellum and some examples of this
variability were illustrated in Figure 1 and Figure S1. The main
changes were observed around the umbilical area; in the majority
of collected individuals, this region was depressed (Figure 1H)
although some specimens had a broadly inflated umbilical area,
showing clear biconvex profiles (Figure 1G). The presence or
absence of peripheral keel was also highly remarkable, as it
influenced the shape of the last chamber and the apertural face. In
some specimens the periphery was acute and thus the apertural
face looked triangularly shaped (Figure 1J), whereas in others there
was no keel and the periphery was rounded as well as the apertural
face (Figure 1I). The number of chambers in the last whorl was
also variable, usually around 13 (Figures 1C to E) but ranging from
10 (Figure 1F) to 17 (Figures 1A and B). The number of septal
bridges per chamber varied between 7 (Figure 1C) and 12
(Figures 1A and B) and in certain specimens they were long,
prominent and seemed to cover the whole surface of the test
(Figures 1A and B) whereas in others they were less important
(Figures 1E and F). Ornamentation of the test was also a very
variable feature in E. macellum. Some specimens were strongly
ornamented with granules covering the surface of the test
excluding the septal bridges (Figures 1A to D) but including the
apertural face (Figures 1G, H and J). In other individuals, this kind
of ornamentation was restricted to the intercameral sutures
(Figures 1E and F) and the rest of the test including the apertural
face seemed very smooth (Figure 1I).
SSU rDNA phylogeny of Elphidium
Maximum likelihood and Bayesian phylogenetic analyses led to
the same tree topology (Figure 2), highlighting eight different
molecular clades corresponding in most of the cases to a
morphologically determined species. The only ambiguous situa-
tion was found in the case of E. aculeatum, which was split into two
different molecular clades: E. aculeatum 1 and E. aculeatum 2. All
trees were rooted using as outgroup the Haynesina sister genus and
the first elphidiid diverging species was always E. albiumbilicatum,
followed by E. excavatum and E. macellum. The last diverging and
sister clade to E. macellum was composed of four rapidly diverging
species: E. aculeatum 1, E. aculeatum 2, E. williamsoni and E.
margaritaceum. Most of the internal nodes were statistically well
supported, with exception of E. aculeatum 2 (64/0.84), reflecting the
complexity of this morphospecies, probably composed of different
sub-species or cryptic species.
Intra-genomic variability in E. macellum
Analysis of 70 partial sequences of the SSU rDNA obtained
from 25 individuals of E. macellum showed particular variations in
three hyper-variable regions specific to foraminifera (Figures S2,
S3, S4). Interestingly, the changes in these regions not only
occurred between different specimens of E. macellum, but were also
observed between different clones obtained from the same
individual. The most interesting feature of these three hyper-
variable regions was that they were not composed of completely
random nucleotide sequences, but each of them comprised one of
two or three possible homogenous sequences. There were three
possible sequences for the first region (Figure S2), two for the
second region (Figure S3), and two for the third one (Figure S4).
The size of these loci was variable; the first-one was 6, 8 or 10 bp
long, the second one was 32 or 34 bp long and the third one was
either 11 bp or 14 bp long, depending on which possible sequence
was chosen.
To further characterize these different ribotypes, the secondary
structure of the SSU rRNA of E. macellum was predicted and the
three variable regions were located in this model (Figure 3). Single
nucleotide polymorphism was not shown on that representation,
as the present study focused on highly variable regions only. The
nomenclature used to describe the predicted secondary structure
was based on a previous study [13] and the variable regions were
named according to numbers assigned to the helices forming the
region or located next to it. The highly variable regions (1), (2) and
(3) found in E. macellum were always located in the expansion
segments at the end of a stem-loop motif, respectively named 37/f,
41/f and 47/f. The predicted secondary structure for the different
type sequences found in each of these region were represented in
separated boxes and named 37/f (a, b and c), 41/f (a and b) and
47/f (a and b). The variable positions were shown in grey boxes.
Interestingly, in the first highly variable region (37/f), as only the
size of the terminal loop changed, there was no dramatic
architectural modification observed between the three different
secondary structures. On the other hand, both regions 41/f and
47/f underwent important structural changes if the type sequence
(b) was chosen. In the first case, a relatively large loop was added
within the terminal part of the helix 41/f. In the second situation,
a small loop was added inside the helix 47/f structure. These
changes, distinct from typical Single Nucleotide Polymorphisms
(SNPs) and insertion-deletions (indels), directly affect the structure
of expansion segments and were called here ESPs (Expansion
Segments Polymorphisms).
As three sequences were possible for the regions 37/f and two
sequences were possible for regions 41/f and 47/f, there were
theoretically 12 different possible combinations of ESPs and
therefore 12 different ribotypes (Figure 4). The prevalence of one
or more type of ESPs for each locus was tested by quantifying the
occurrence of the alleles between and among the different
specimens of E. macellum. These data were summarized in Table
S1. In total and among all analyzed individuals, 11 different
ribotypes were found (Figure 4). The only combination that was
not retrieved corresponds to 37/f (c), 41/f (b) and 47/f (b). For
each of the 25 specimens, between one and seven clones were
sequenced and among these different individuals, the number of
different ribotypes found within the same specimen was comprised
between one and five (Table S1). The Spearman correlation
coefficient highlighted a strong (r=0.79) and highly significant
(p,1e-6) correlation between the number of clones and the
number of ribotypes. Considering the 37/f expansion segment and
as type sequences (a), (b) and (c) were found respectively 24, 13 and
33 times, there was no significant prevalence of one type sequence
among the others. However regarding both variable regions 41/f
and 47/f, there was an apparent bias favouring the usage of the
type sequence (a) in both situations. As showed by the predicted
secondary structure, both regions 41/f and 47/f underwent more
important changes if the type sequence (b) was chosen and this
could explain the prevalence of the (a) sequence in those variable
regions.
Discussion
The nuclear ribosomal RNA genes are widely used for inferring
protists phylogeny [14–16] and species identification [13,17].
Arranged in tandem arrays and typically repeated several hundred
to some thousand times, these genes encode for rRNA molecules
that fold into secondary structures, which possess conserved core
regions alternating with more variable sequence segments [18]
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regions [20,21] or D (divergent) regions [22]. Despite the presence
of these variable regions, the rRNA gene sequence is globally well
conserved across taxa and in most cases does not show
polymorphic variation at the intra-specific and intra-genomic
levels. Usually accepted as the mechanism leading to this sequence
uniformity, the concerted evolution model [23] explains how the
different copies of a multigene family can evolve ‘horizontally’ in a
coordinate way through unequal crossing-over and gene conver-
sion [24,25]. One of the expectations resulting of the concerted
evolution dogma [26] is that the DNA sequence is conserved
between the different copies of repeated DNA within a single
genome or individual. Therefore and according to that model of
evolution, the occurrence of more than one ribosomal haplotype
should be avoided or eventually only minor changes, such as SNP,
could be tolerated.
However, during the past decades, a number of studies showed
intra-specific and even intra-genomic variability of the rDNA in
various organisms including bacteria [27], metazoans [28–30],
fungi [31,32], plants [33–35] and protists [36–38]. Foraminifers
are notorious concerning the high level of molecular divergence
found in their rDNA [39] and a previous study [40] already
pointed out an unusual variability of the LSU rRNA gene copies
within single individuals of the genus Ammonia, which is a close
phylogenetic relative of the genus Elphidium [41]. However, these
exceptional ribosomal polymorphisms, located in different coding
(16S/18S, 28S, 5.8S and/or 5S) and/or non-coding (ITS) regions,
were often considered as digressions to the concerted evolution
model and supported by various explanations involving peculiar
genomic structures and/or life styles.
The present study highlights an unusual level of intra-genomic
variability that was never reported in previous studies. Although
Figure 1. Scanning Electron Microscopy (SEM) pictures of various specimens of Elphidium macellum. Different individuals are shown on
lateral (A–F) or on peripheral (G–J) view. For details about the terminology used to describe the important morphological characters, see Figure S1.
doi:10.1371/journal.pone.0032373.g001
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created by PCR chimerization, it is important to notice that the
number of ribotypes present in the different analyzed individuals
could be underestimated, as suggested by the high Spearman
correlation coefficient between the number of clones and the
number of ribotypes (Table S1). The present study also describes a
completely different type of rDNA polymorphism. More complex
than SNPs or indels, the ESPs observed in E. macellum are generally
uncompensated and affect directly the structure of the expansion
segments where they occur. These ESPs share many character-
istics with the intra-individual ribosomal polymorphisms described
in preceding studies, but none of the explanations suggested
previously completely match the observations presented here.
Previous studies already suggested that the expansion segments
were particularly variable and that they are hosting the majority of
mutations occurring in the rRNA genes of a freshwater crustacean
[42] and human [43,44]. Although this preferential localization is
in agreement with the polymorphism observed in the present
study, the type of mutations was mainly described as length
variation due to short sequence repeats and explained by the
‘compensatory slippage’ mechanism [45], which is not the case in
our analyses. Compensatory slippage could therefore not explain
the type of mutations observed in E. macellum.
Another possible explanation of the ESP could be related to the
particular organisation of ribosomal genes in E. macellum. One of
the assumptions of the concerted evolution model is that the genes
evolving in accordance with that theory have to be organized in
tandem arrays and it has been shown in previous studies that the
5S ribosomal genes of several organisms, which repeats are
dispersed among the genomes, are escaping the concerted
evolution model. These studies performed on several filamentous
fungi species [32], an amphibian [46,47] and a loach fish [48]
Figure 2. Elphidiids complete SSU rDNA phylogeny. Bayesian phylogeny implemented using the GTR+C model of evolution. RAxML bootstrap
values and MrBayes posterior probabilities are shown at the nodes and solid circles indicate maximum node support (100/1.0). For each sequence,
the DNA number is followed by the sampling location: CA (Halifax), RU (White Sea), NL (North Sea), CH (Patagonia), MED (Mediterranean Sea) and
BRET (Brittany) and by the GenBank accession number.
doi:10.1371/journal.pone.0032373.g002
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and suggested that in these exceptional cases where ribosomal
genes were not organized in tandem arrays, the Birth-and-Death
evolution model [25] was more appropriate to describe their
dynamics. In that model, the genetic evolution is regulated by a
balance between gene duplication, turnover and maintenance,
which allows the occurrence of several haplotypes within the same
genome. This explanation was also suggested in the case of the
apicomplexan protist Plasmodium sp. [49] which bears two distinct
copies of the 18S rRNA gene that are also dispersed throughout its
genome. This peculiar organization has been postulated as a
mechanism allowing the parasite to escape the concerted evolution
and permit it to possess two ribotypes that are necessary for the
different stages of its life. As today, nothing is known about
the genomic structure of foraminifera, the organization of the
ribosomal genes in this group remains mysterious. Ongoing
genomic projects will bring clearer answers to that question but
according to preliminary results the evidence for tandem array
arrangement of the ribosomal genes has not yet been found in
foraminifera and therefore we cannot exclude that the Birth-and-
Death evolution model could explain the results of the present
study. However, the number of ribotypes and the particular
structure of the ESPs make this explanation quite doubtful.
Similarly, it is possible albeit quite unlikely that the ESP in
foraminifera is related to the multinucleate nature of these
organisms. Such explanation was brought up in the case of
intra-individual ribosomal ITS polymorphism in the microsporid-
ian parasite Nosema bombi [31] and in the green alga Caulerpa
racemosa [50]. The authors suggested that the different ribotypes
co-occurring within the same individual were in fact encoded in
different nuclei. In such situation, the concerted evolution model
would still be valid, but restricted to the nucleus compartment
level. Indeed, the life-cycle of the genus Elphidium comprises the
multinucleate stage in asexual generation, but it alternates more or
less regularly with uninucleate stage in sexual generation [51,52].
Furthermore this is true for the majority of foraminifera that has
been examined [53].
In our opinion, the most plausible explanation of the ESP in E.
macellum involves inter-specific hybridization. The fragmented
pattern of the SSU rRNA gene with the presence of interchange-
able blocks of sequences suggests that distinct populations or
species of elphidiids with different ribotypes hybridized resulting in
a ‘new E. macellum species’ bearing the different sets of the rRNA
genes. As a result of successive reproductive cycles together with
recombination, the SSU rDNA would have acquired its unusual
‘mosaic’ pattern. This hypothesis is supported by the fact that the
ESP occurred only in expansion segments specific to foraminifera
(37/f, 41/f, and 47/f). These highly variable and expressed regions
are normally conserved at the intra-specific level [13], suggesting
that the E. macellum ribosomal genes originate from the DNA of
different species. This is also congruent with a previous study
based on different species of oak trees [54] that highlighted the
existence of different ribotypes among the same genomes and
suggested that their presence was the result of inter-specific
hybridization. The importance of hybridization is well document-
ed in plants and metazoans [55], however few examples are
available regarding hybridization in protists. Natural inter-specific
hybridization has been suggested in dinoflagellates [56,57] and
recently highlighted in diatoms [58,59] at the intra-specific level. If
confirmed, the present study would be the first case of
hybridization reported in foraminifera.
Interestingly, the hypothesis of inter-specific hybridization could
explain the extraordinary diversity within E. macellum, not only in
term of ribosomal gene structure, but also regarding its different
morphologies. Morphology in foraminifera is a long-lasting
question and has been the principal source of inspiration for
many generations of ‘‘splitters’’ and ‘‘lumpers’’, fuelling the debate
on species identification. Trying to set the frontier between inter-
specific morphotypes and intra-specific ecophenotypes, many
studies focused on quantifying the morphological variation that
was observed, especially in rotaliids [6,7,60,61]. In the genus
Elphidium, this variability has been especially well documented and
discussed for E. excavatum [6]. The authors characterized five
morphotypes of E. excavatum associated with different environ-
mental variables, proposing to consider them as ecophenotypes
rather than the distinctive subspecies [62].
We cannot exclude that the various morphotypes of E. macellum
are ecophenotypes as we did not carry out a detailed survey of
environmental conditions. However, the fact that we observed a
high level of morphological variation among specimens collected
in the same locality precludes their ecological significance.
Moreover, the morphological characters that vary in E. macellum,
such as the test outline and profile, the presence or absence of
peripheral keel, the number of chambers and septal bridges, are
commonly considered as species characteristics rather than as
Figure 4. Ribotypical diversity in Elphidium macellum. The 12
different ribotypes composed of all different combinations of ESPs per
locus are shown (A) and classified by abundance. The different colours
used to characterize the different ESPs are the same used in Figure 3. In
a total of 70 clones, the abundance of each ribotype is shown (B) and
ranges from 26 for the ribotype number 1 to 0 for the ribotype number
12, which is not recovered in our analysis.
doi:10.1371/journal.pone.0032373.g004
Figure 3. Predicted secondary structure of the partial SSU rRNA molecule of Elphidium macellum. The numbers correspond to the helices
forming the region or located next to it. The six hyper-variable expansion segments found in eukaryotes (e) and those specific to foraminifera (f) are
shown in black boxes. For each expansion segment specific to foraminifera, the ESPs are represented in separate colour boxes, where the variable
positions of the rRNA molecule are shown in grey boxes. Different colours are used to characterize the different ESPs and the same colour code is
used to show the ribotypical diversity in Figure 4.
doi:10.1371/journal.pone.0032373.g003
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it seems more accurate to consider the morphological variation in
E. macellum as result of inter-specific hybridization rather than as a
consequence of ecophenotypic changes.
We can speculate that the hybridization occurred between two
Elphidium populations that resembled the two major morphotypes
present in our samples: the first one (Figures 1A and B)
characterized by a large number of chambers with the presence
of many prominent septal bridges and ornamental granules on
each chamber, and the second one (Figures 1E and F) showing less
chambers in the last whorl with fewer and less prominent septal
bridges and smoother test surface with less ornamentation.
Although the morphological variants induced by hybridization
events are generally thought to be intermediate to parents [64] it
has been shown that sometimes the resulting morphologies
resemble more to one of them [65,66]. The result of hybridization
could therefore be illustrated by the presence of two major
morphotypes and their intermediate forms, which corresponds
exactly to what is observed for E. macellum.
In fact, more than one hybridization event could be involved in
the formation of modern Patagonian E. macellum. The complex
geological history of the Southern Patagonia makes the episodes of
inter-specific hybridization very likely. The presence of different
forms of E. macellum has been reported in the fossil record of the
region since the lower Miocene, older than 17 Ma [67–69]. Since
successive glaciations [70] and oceanic transgressions [71]
occurred within this period of time, it seems probable that the
ancestral populations present in Southern South America were
fragmented and re-associated several times, making the speciation
and hybridizations events happening straightforwardly.
The hypothesis of inter-specific hybridization is the only one
that could explain both the extraordinary morphological variabil-
ity of E. macellum and its unusual intra-genomic rRNA polymor-
phism. However, this hypothesis needs further testing to evaluate
the importance of hybridization in foraminifera. Noticeably, such
molecular variability can be difficult to detect in phylogenetic
analyses because the hyper-variable regions are usually discarded
from the alignment and the number of sequenced rDNA copies
per specimen is limited. Indeed in the present study E. macellum
forms a compact clade supported by maximal bootstrap value and
posterior probability (Figure 2). Our preliminary study involving
sequencing of many clones for single specimens showed that the
ESP can be found also in other foraminiferal species (A Weber, L
Pillet and J Pawlowski, unpublished data), but it is unknown
whether it is associated to morphological variations. The relations
between genetic and morphological variations can be difficult to
demonstrate. However, given a huge morphological diversity of
foraminiferal species, we can predict that at least part of this
diversity is due to the inter-specific hybridization, an evolutionary
factor that curiously was totally ignored in foraminiferal research
until now.
Materials and Methods
Sampling and DNA extraction
Living specimens of Elphidium macellum were collected along the
Patagonian coast between latitudes 51uS and 55uS (Figure S5).
Algae and surface sediment were taken at low tide, washed in
seawater and sieved. The fractions comprised between 500 mm
and 125 mm were collected and stored at temperatures close to
those of sampling sites. Live specimens were picked within a week
after sampling and cleaned with small paintbrushes in several
changes of filtered seawater to avoid contaminant. Scanning
Electron Microscopy (SEM) was used to record the morphology of
15 analyzed specimens prior to DNA extraction. Total DNA was
extracted from single specimens using a guanidine buffer based
protocol [12]. No specific permits were required for the described
field studies, as the sampling locations were not privately owned or
protected in any way. Furthermore these field studies did not
involve endangered or protected species
PCR amplifications
The complete foraminiferal SSU rRNA gene of three E.
macellum individuals was amplified in different steps using
foraminiferal specific primers [16].
For 25 specimens, a partial fragment of the SSU rDNA of
approximately 800 bp was amplified. The primers s14F3 - s20R
[12,72] were used for the amplification and the primers s14F1-
s20R [12] for the re-amplification (nested PCR). Hot Start PCR
amplifications and re-amplifications were performed in a total
volume of 50 ml with an amplification profile consisting of 35
cycles (25 cycles for the re-amplifications) of 30 s at 94uC, 30 s at
50uC, and 60 s at 72uC, followed by 5 min at 72uC for final
extension.
Cloning and Sequencing
After purification using High Pure PCR Purification Kit (ROCHE
DIAGNOSTICS, Basel, Switzerland) or MinElute PCR Purification
Kit (QIAGEN, Basel, Switzerland), positive PCR products were
cloned. They were ligated in the Topo TA Cloning vector
(INVITROGEN, Basel, Switzerland) or in the pGEM-T vector system
(PROMEGA, Duebendorf, Switzerland), and cloned using chemically
competent cells One Shot TOPO10 (INVITROGEN). Sequencing
was done with an ABI PRISM Big Dye Terminator Cycle
Sequencing Kit using an ABI 3130XL DNA sequencer (APPLIED
BIOSYSTEM, Rotkreuz, Switzerland), according to the manufactur-
er’s instructions. By overlapping the different fragments, a
complete nuclear SSU rRNA gene was obtained for three
individuals. All sequences used in this study have been deposited
in the GenBank database and their accession numbers are
summarized in the Table S2.
Phylogenetic Analyses
Six complete SSU rDNA sequences of E. macellum were
obtained and compared to 19 sequences of five other morpho-
species of genus Elphidium and three sequences of their sister genus
Haynesina. This alignment was used to infer an updated phylogeny
of the genus Elphidium and to determine the position of E. macellum
among this phylogenetic tree. This dataset was first aligned using
MAFFT v.6 [73,74] and then improved manually using BioEdit
Sequence Alignment Editor [75]. Then, the Perl script MrAIC
1.4.3 [76] in combination with PHYML v2.4.4 [77] was used to
choose the best model of sequence evolution by the Akaike
Information Criterion (AIC). Applying the obtained settings a
Bayesian method and a Maximum Likelihood (ML) method [78]
were used to infer phylogeny. With the MrBayes program [79],
two independent analyses were performed at the same time with
four simultaneous chains (one cold and three heated) ran for
10,000,000 generations, and sampled every 1,000 generations.
After having discarded 2,000 of the initial trees as burn-in, the
consensus tree with the corresponding posterior probabilities (PP)
was calculated for each data set. The ML method was
implemented with the RAxML-HPC v7.0.4 software [80] and
the reliability of internal branches was assessed using the RAxML
rapid bootstrap method with 100 replicates [81]. Most of all
bioinformatic analyses were carried out on the freely available
Bioportal (http://www.bioportal.uio.no).
Inter-Specific Hybridization in Foraminifera
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The secondary structure of the SSU rRNA of E. macellum was
determined using the RNAfold server [82] available on the Vienna
RNA web servers (http://rna.tbi.univie.ac.at). The energy param-
eters of the model were rescaled to a temperature of 8uC, which
corresponds to the average sea temperature at sampling sites. It
was then manually improved using as a template the previously
published secondary structure of the foraminiferan Micrometula
hyalostriata [13].
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Figure S1 Terminology of the important morphological
characters of the test outline (A) and profile (B) of
Elphidium macellum. um: umbilical area; pk: peripheral keel;
af: apertural face; sb: septal bridge; is: intercameral suture.
(EPS)
Figure S2 First hyper-variable region (37/f) of the SSU
rDNA. The three different ribotypes (a, b and c) found in E. macellum
a r es h o w na n dc o m p a r e dt oE. aculeatum sequences (outgroup).
(EPS)
Figure S3 Second hyper-variable region (41/f) of the SSU
rDNA. The two different ribotypes (a and b) found in E. macellum
are shown and compared to E. aculeatum sequences (outgroup).
(EPS)
Figure S4 Third hyper-variable region (47/f) of the SSU
rDNA. The two different ribotypes (a and b) found in E. macellum
are shown and compared to E. aculeatum sequences (outgroup).
(EPS)
Figure S5 Sampling localities in Chile and Argentina.
(EPS)
Table S1 Ribotype occurrence among the analyzed
specimens for loci 37/f, 41/f and 47/f.
(PDF)
Table S2 Accession numbers of DNA sequences used in
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Acknowledgments
We thank Tatiana Hromic and all the staff from the laboratory of
Palaeontology (Instituto de la Patagonia, University of Magellanes) and the
CADIC-CONICET (Ushuaia) for welcoming us in Chile and Argentina.
We also thank Magali Schweizer (Geologisches Institut, ETHZ) and Andre ´
Piuz (Natural History Museum of Geneva) for the SEM pictures and Jackie
Guiard and Jose ´ Fahrni for technical assistance. We finally thank Norberto
Malumian and Wojtek Majewski for their helpful comments.
Author Contributions
Conceived and designed the experiments: LP DF JP. Performed the
experiments: LP DF. Analyzed the data: LP DF. Wrote the paper: LP JP.
Collected the samples: DF LP.
References
1. Galloway JJ (1933) Manual of foraminifera. Bloomington: Principia Press. pp
483.
2. Hayward BW, Hollis CJ, Grenfell HR (1997) Recent Elphidiidae (Foraminifer-
ida) of the South-West Pacific and Fossil Elphidiidae of New Zealand. Institute
of Geological and Nuclear Sciences Monograph 16. Lower Hutt: Institute of
Geological and Nuclear Sciences Limited. pp 170.
3. Franceschini G, McMillan IK, Compton JS (2005) Foraminifera of Langebaan
Lagoon salt marsh and their application to the interpretation of late Pleistocene
depositional environments at Monwabisi, False Bay coast, South Africa. South
African Journal of Geology 108: 285–296.
4. Lena H (1966) Foraminı ´feros recientes de Ushuaia (Tierra del Fuego,
Argentina). Ameghiniana 4: 311–336.
5. Hayward BW, Hollis CJ (1994) Brackish foraminifera in New Zealand: a
taxonomic and ecologic review. Micropaleontology 40: 185–222.
6. Miller AAL, Scott DB, Medioli FS (1982) Elphidium excavatum (Terquem);
ecophenotypic versus subspecific variation. J Foraminifer Res 12: 116–144.
7. Poag CW (1978) Paired foraminiferal ecophenotypes in Gulf Coast estuaries:
ecological and paleoecological implications. Transactions of the Gulf Coast
Association of geological societies 28: 395–421.
8. Boltovskoy E (1980) On the benthonic bathyal-zone foraminifera as stratigrafic
guide fossils. J Foraminifer Res 10: 163–172.
9. d’Orbigny AD (1839) Voyage dans l’Ame ´rique me ´ridionale: Foraminife `res.
Strasbourg: Levrault. pp 86.
10. Buzas MA, Culver SJ, Isham LB (1985) A comparison of fourteen elphidiid
(Foraminiferida) taxa. J Paleontol 59: 1075–1090.
11. Albani AD, Yassini I (1993) Taxonomy and distribution of the foraminifera of
the family Elphidiidae from Shallow Australian waters. Universtity of New South
Wales Centre for marine science, technical contribution 5: 1–51.
12. Pawlowski J (2000) Introduction to the molecular systematics of foraminifera.
Micropaleontology 46: 1–12.
13. Pawlowski J, Lecroq B (2010) Short rDNA Barcodes for Species Identification in
Foraminifera. J Eukaryot Microbiol 57: 197–205.
14. Fiore-Donno AM, Kamono A, Chao E, Fukui M, Cavalier-Smith T (2010)
Invalidation of Hyperamoeba by transferring its species to other genera of
Myxogastria. J Eukaryot Microbiol 57: 189–196.
15. Moreira D, von der Heyden S, Bass D, Lopez-Garcia P, Chao E, et al. (2007)
Global eukaryote phylogeny: Combined small- and large-subunit ribosomal
DNA trees support monophyly of Rhizaria, Retaria and Excavata. Mol
Phylogen Evol 44: 255–266.
16. Pillet L, De Vargas C, Pawlowski J (2011) Molecular Identification of
Sequestered Diatom Chloroplasts and Kleptoplastidy in Foraminifera. Protist
162: 394–404.
17. Bass D, Howe AT, Mylnikov AP, Vickerman K, Chao EE, et al. (2009) Phylo-
geny and Classification of Cercomonadida (Protozoa, Cercozoa): Cercomonas,
Eocercomonas, Paracercomonas,a n dCavernomonas gen. nov. Protist 160: 483–521.
18. Wuyts J, Van der Peer Y, De Wachter R (2001) Distribution of substitution rates
and location of insertion sites in the tertiary structure of ribosomal RNA. Nucleic
Acids Res 29: 5017–5028.
19. Clark CG, Tague BW, Ware VC, Gerbi SA (1984) Xenopus laevis 28S ribosomal
RNA: a secondary structure model and its evolutionary and functional
implications. Nucleic Acids Res 12: 6197–6220.
20. Chan YL, Olvera J, Wool IG (1983) The structure of rat 28S ribosomal
ribonucleic acid inferred from the sequence of nucleotides in a gene. Nucleic
Acids Res 11: 7819–7831.
21. Gorski JL, Gonzalez IL, Schmickel RD (1987) The secondary structure of
human 28S rRNA: the structure and evolution of a mosaic rRNA gene. J Mol
Evol 24: 236–351.
22. Hassouna N, Michot B, Bachellerie J-P (1984) The complete nucleotide
sequence of mouse 28S rRNA gene. Implications for the process of size increase
of the large subunit rRNA in higher eukaryotes. Nucleic Acids Res 12:
3563–3583.
23. Brown DD, Wensink PC, Jordan E (1972) A comparison of the ribosomal
DNA’s of Xenopus laevis and Xenopus mulleri: the evolution of tandem genes. J Mol
Biol 63: 57–73.
24. Eickbush TH, Eickbush DG (2007) Finely Orchestrated Movements: Evolution
of the Ribosomal RNA Genes. Genetics 175: 477–485.
25. Nei M, Rooney AP (2005) Concerted and Birth-and-Death Evolution of
Multigene Families. Annu Rev Genet 39: 121–152.
26. Coen E, Strachan T, Dover G (1982) Dynamics of concerted evolution of
ribosomal DNA and histone gene families in the melanogaster species subgroup
of Drosophila. J Mol Biol 158: 17–35.
27. Wang Y, Zhang Z, Ramanan N (1997) The Actinomycete Thermobispora bispora
Contains Two Distinct Types of Transcriptionally Active 16S rRNA Genes.
J Bacteriol 179: 3270–3276.
28. Carranza S, Giribet G, Ribera C, Baguna J, Riutort M (1996) Evidence that
Two Types of 18s rDNA Coexist in the Genome of Dugesia (Schmidtea) mediterranea
(Platyhelminthes, Turbellaria, Tricladida). Mol Biol Evol 13: 824–832.
29. Fenton B, Malloch G, Germa F (1998) A study of variation in rDNA ITS regions
shows that two haplotypes coexist within a single aphid genome. Genome 41:
337–345.
30. Harris DJ, Crandall KA (2000) Intragenomic variation within ITS1 and ITS2 of
freshwater crayfishes (Decapoda: Cambaridae): implications for phylogenetic
and microsatellite studies. Mol Biol Evol 17: 284–291.
31. O’mahony EM, Tay WT, Paxton RJ (2007) Multiple rRNA Variants in a Single
Spore of the Microsporidian Nosema bombi. J Eukaryot Microbiol 54: 103–109.
32. Rooney AP, Ward TJ (2005) Evolution of a large ribosomal RNA multigene
family in filamentous fungi: Birth and death of a concerted evolution paradigm.
Proc Natl Acad Sci USA 102: 5084–5089.
33. Hartmann S, Nason JD, Bhattacharya D (2001) Extensive ribosomal DNA genic
variation in the columnar cactus Lophocereus. J Mol Evol 53: 124–134.
Inter-Specific Hybridization in Foraminifera
PLoS ONE | www.plosone.org 8 February 2012 | Volume 7 | Issue 2 | e3237334. Kita Y, Ito M (2000) Nuclear ribosomal ITS sequences and phylogeny in East
Asian Aconitum subgenus Aconitum (Ranunculaceae), with special reference to
extensive polymorphism in individual plants. Plant Syst Evol 225: 1–13.
35. Ruggiero MV, Procaccini G (2004) The rDNA ITS Region in the Lessepsian
Marine Angiosperm Halophila stipulacea (Forssk.) Aschers. (Hydrocharitaceae):
Intragenomic Variability and Putative Pseudogenic Sequences. J Mol Evol 58:
115–121.
36. Alverson AJ, Kolnick L (2005) Intragenomic nucleotide polymorphism among
small subunit (18S) rDNA paralogs in the diatom genus Skeletonema (Bacillar-
iophyta). J Phycol 41: 1248–1257.
37. Coyer JA, Smith GJ, Andersen RA (2001) Evolution of Macrocystis spp.
(Phaeophyceae) as determined by ITS1 and ITS2 sequences. J Phycol 37:
574–585.
38. Litaker RW, Vandersea MW, Kibler SR, Reece KS, Stokes NA, et al. (2007)
Recognizing Dinoflagellate Species using ITS rDNA Sequences. J Phycol 43:
344–355.
39. Bowser SS, Habura A, Pawlowski J (2006) Molecular evolution of Foraminifera.
In: Katz LA, Bhattacharya D, eds. Genomics and Evolution of Microbial
Eukaryotes. Oxford: Oxford University Press. pp 78–93.
40. Holzmann M, Piller W, Pawlowski J (1996) Sequence Variations in the Large-
Subunit Ribosomal RNA Gene of Ammonia (Foraminifera, Protozoa) and Their
Evolutionary Implications. J Mol Evol 43: 145–151.
41. Schweizer M, Pawlowski J, Kouwenhoven TJ, Guiard J, Vanderzwaan B (2008)
Molecular phylogeny of Rotaliida (Foraminifera) based on complete small
subunit rDNA sequences. Mar Micropaleontol 66: 233–246.
42. McTaggart SJ, Crease TJ (2005) Selection on the Structural Stability of a
Ribosomal RNA Expansion Segment in Daphnia obtusa. Mol Biol Evol 22:
1309–1319.
43. Gonzalez IL, Gorski JL, Campen TJ, Dorney DJ, Erickson JM, et al. (1985)
Variation among human 28S ribosomal RNA genes. Proc Natl Acad Sci USA
82: 7666–7670.
44. Leffers H, Andersen AH (1993) The sequence of 28S ribosomal RNA varies
within and between human cell lines. Nucleic Acids Res 21: 1449–1455.
45. Hancock JM, Dover GA (1990) ‘Compensatory slippage’ in the evolution of
ribosomal RNA genes. Nucleic Acids Res 18: 5949–5954.
46. Peterson RC, Doering JL, Brown DD (1980) Characterization of two xenopus
somatic 5S DNAs and one minor oocyte-specific 5S DNA. Cell 20: 131–141.
47. Wegnez M, Monier R, Demis H (1972) Sequence heterogeneity of 5 S RNA in
Xenopus laevis. Federation of European Biochemical Societies 25: 13–20.
48. Mashkova TD, Serenkova TI, Mazo AM, Avdonina TA, Timofeyeva Y, et al.
(1981) The primary structure of oocyte and somatic 5S rRNAs from the loach
Misgurnus fossilis. Nucleic Acids Res 9: 2141–2151.
49. Rooney AP (2004) Mechanisms Underlying the Evolution and Maintenance of
Functionally Heterogeneous 18S rRNA Genes in Apicomplexans. Mol Biol Evol
21: 1704–1711.
50. Fama P, Olsen JL, Stam WT, Procaccini G (2000) High levels of intra- and
inter-individual polymorphism in the rDNA ITS1 of Caulerpa racemosa
(Chlorophyta). Eur J Phycol 35: 349–356.
51. Jeeps MW (1942) Studies on Polystomella Lamarck (Foraminifera). J Mar Biol
Assoc UK 25: 612–665.
52. Lister JJ (1895) Contributions to the life history of foraminifera. Philos
Trans R Soc Lond, Ser B: Biol Sci 186: 401–453.
53. Lee JJ, Faber WW, Anderson OR, Pawlowski J (1991) Life-cycles of
foraminifera. In: Lee JJ, Anderson OR, eds. Biology of foraminifera. London:
Academic Press. pp 285–334.
54. Muir G, Fleming CC, Schloetterer C (2001) Three Divergent rDNA Clusters
Predate the Species Divergence in Quercus petraea (Matt.) Liebl. and Quercus robur
L. Mol Biol Evol 18: 112–119.
55. Mallet J (2005) Hybridization as an invasion of the genome. Trends Ecol Evol
20: 229–237.
56. Edvardsen B, Shalchian-Tabrizi K, Jakobsen KS, Medlin LK, Dahl E, et al.
(2003) Genetic variability and molecular phylogeny of Dinophysis species
(Dinophyceae) from Norwegian waters inferred from single cell analyzes of
ribosomal DNA. J Phycol 39: 395–408.
57. Hart MC, Green DH, Bresnan E, Bolch CJ (2007) Large subunit ribosomal
RNA gene variation and sequence heterogeneity of Dinophysis (Dinophyceae)
species from Scottish coastal waters. Harmful Algae 6: 271–287.
58. Casteleyn G, Adams NG, Vanormelingen P, Debeer A-E, Sabbe K, et al. (2009)
Natural Hybrids in the Marine Diatom Pseudo.nitzschia pungens (Bacillariophy-
ceae): Genetic and Morphological Evidence. Protist 160: 343–354.
59. D’Alelio D, Amato A, Kooistraa WHCF, Procaccinia G, Casottia R, et al. (2009)
Internal Transcribed Spacer Polymorphism in Pseudo-nitzschia multistriata
(Bacillariophyceae) in the Gulf of Naples: Recent Divergence or Intraspecific
Hybridization? Protist 160: 9–20.
60. Haynes JR (1992) Supposed pronounced ecophenotypy in foraminifera. Journal
of Micropaleontology 11: 59–63.
61. Schnitker D (1974) Ecotypic variation in Ammonia beccarii (Linne).
J Foraminifer Res 4: 217–223.
62. Wilkinson IP (1979) The taxonomy, morphology and distribution of the
Quaternary and Recent foraminifer Elphidium clavatum Cushman. J Paleontol 53:
628–716.
63. Boltovskoy E, Scott DB, Medioli FS (1991) Morphological Variations of Benthic
Foraminiferal Tests in Response to Changes in Ecological Parameters: a Review.
J Paleontol 65: 175–185.
64. Arnold ML (1997) Natural Hybridization and Evolution. Oxford: Oxford
University Press. pp 215.
65. Byrne M, Anderson MJ (1994) Hybridization of sympatric Patirella species
(Echinodermata, Asteroidea) in New-South-Wales. Evolution 48: 564–576.
66. Harper FM, Hart MW (2007) Morphological and phylogenetic evidence for
hybridization and introgression in a sea star secondary contact zone. Invertebr
Biol 126: 373–384.
67. Malumian N, Olivero EB (2006) El Grupo Cabo Domingo, Tierra del Fuego,
Argentina: Bioestratigrafia, paleoambientes y acontecimientos del Eoceno-
Mioceno marino. Revista Asociacion Geologica Argentina 61: 139–160.
68. Malumian N, Scarpa R (2005) Foraminiferos de la Formacion Rio Irigoyen,
Neogeno, Tierra del Fuego: su significado paleogeografico. Ameghiniana 42:
363–376.
69. Nanez C (1990) Foraminiferos y bioestratigrafia del Terciaro medio de Santa
Cruz oriental. Revista Asociacion Geologica Argentina 43: 493–517.
70. Clapperton CM (1993) Quaternary Geology and Geomorphology of South
America. Amsterdam: Elsevier. pp 779.
71. Malumian N, Nanez C (2011) The Late Cretaceous-Cenozoic transgressions in
Patagonia and Fuegan Andes: foraminifera, palaeoecology, and palaeogeogra-
phy. Biol J Linn Soc 103: 269–288.
72. Holzmann M, Hohenegger J, Hallock P, Piller WE, Pawlowski J (2001)
Molecular phylogeny of large miliolid foraminifera (Soritacea Ehrenberg 1839).
Mar Micropaleontol 43: 57–74.
73. Katoh K, Kuma K, Toh H, Miyata T (2005) MAFFT version 5: improvement in
accuracy of multiple sequence alignment. Nucleic Acids Res 33: 511–518.
74. Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel method for
rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res 30: 3059–3066.
75. Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp Ser 41: 95–98.
76. Nylander JAA (2004) MrAIC.pl. 1.4.3. Program distributed by the author.
77. Guindon GJ, Gascuel P (2003) A simple, fast, and accurate algorithm to estimate
large phylogenies by maximum likelihood. Syst Biol 52: 696–704.
78. Felsenstein J (1981) Evolutionary trees from DNA sequences: maximum
likelihood approach. J Mol Evol 17: 368–376.
79. Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 17: 754–755.
80. Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22:
2688–2690.
81. Felsenstein J (1985) Confidence limits on phylogenetics: an approach using the
bootstrap. Evolution 39: 783–791.
82. Hofacker IL (2003) Vienna RNA secondary structure server. Nucleic Acids Res
31: 3429–3431.
Inter-Specific Hybridization in Foraminifera
PLoS ONE | www.plosone.org 9 February 2012 | Volume 7 | Issue 2 | e32373